Several studies involving identical twins with concordant leukemia and retrospective scrutiny of archived neonatal blood spots have shown that the TEL-AML1 fusion gene in childhood acute lymphoblastic leukemia (ALL) frequently arises before birth. A prenatal origin of childhood leukemia was further supported by the detection of clonotypic immunoglobulin gene rearrangements on neonatal blood spots of children with various other subtypes of ALL. However, no comprehensive study is available linking these clonotypic events. We describe a pair of 5-year-old monozygotic twins with concordant TEL-AML1-positive ALL. Separate leukemic clones were identified in the diagnostic samples since distinct IGH and IGK-Kde gene rearrangements could be detected. Additional differences characterizing the leukemic clones included an aberration of the second, nonrearranged TEL allele observed in one twin only. Interestingly, both the identical TEL-AML1 fusion sequence and distinct immunoglobulin gene rearrangements were identified on the neonatal blood spots indicating that separate preleukemic clones evolved already before birth. Finally, we compared the reported twins with an additional 31 children with ALL by using the microarray technology. Gene expression profiling provided evidence that leukemia in twins harbours the same subtype-typical feature as TEL-AML1-positive leukemia in singletons suggesting that the leukemogenesis model might also be applicable generally.
Introduction
The most common chromosomal translocation in childhood acute lymphoblastic leukemia (ALL) is the t(12;21) that results in a TEL-AML1 fusion product. [1] [2] [3] [4] Studies of monozygotic twins and their neonatal blood spots have backtracked the origin of this translocation to before birth. [5] [6] [7] [8] In the subgroup of TEL-AML1-positive leukemias, the concordance rate for monozygotic twins is estimated to be approximately 10-15%. Together with the protracted and variable latency of the disease and transgenic modeling, this indicates that additional secondary genetic events are necessary to develop leukemia. [9] [10] [11] [12] However, the pathogenetic role of frequent additional cytogenetic aberrations such as deletion of the second, nonrearranged TEL allele in leukemogenesis remains to be elucidated. 13, 14 Since there are no molecular correlates of hyperdiploidy accessible to PCR-based screening, IGH or TCR clonotypic sequences of hyperdiploid ALL have been used as surrogate markers in screening of neonatal blood spots or cord blood. [15] [16] [17] [18] These studies have generally produced positive results indicative of a prenatal origin of this ALL subtype. However, there is not much information available linking clonotypic IGH/TCR gene rearrangements and clonotypic genomic fusion sequences in leukemia harboring the TEL-AML1 fusion gene. Ford et al reported monozygotic twins with TEL-AML1 positive ALL sharing an identical rearranged IGH allele at diagnosis. Nevertheless, in addition to the common, clonotypic rearrangement, an IGH sequence distinct to only one twin was detected suggesting separate molecular events during further development to leukemia. 5 However, it remains unclear, if the separate molecular evolution in identical twins has its origin prior to birth, or if this is a late event occurring close to the onset of disease.
To illustrate the multistep nature of childhood leukemia, we investigated the diagnostic bone marrow and the neonatal blood spots of a pair of male twins that were diagnosed with TEL-AML1-positive ALL at the age of 4.8 years (T1) and 5.1 years (T2), respectively. To further characterize the twin samples of this study, we analyzed their gene expression profiles in comparison to another 31 samples of children with ALL. 19 
Material and methods

Patient characteristics
The monozygotic twins were born as preterms at 32 weeks sharing a single, monochorionic placenta. Before leukemia onset, the medical history of both twins was unremarkable. Standard diagnostics revealed a precursor B-cell immunophenotype (CD10 þ CD19 þ ) coexpressing the myeloid marker CD13 for both twins. TEL-AML1 fusion was identified by fluorescence in situ hybridization (FISH) and confirmed by reverse-transcriptase PCR in both cases. Distinct twin-specific immunoglobulin gene rearrangements were identified to monitor minimal residual disease (MRD) during further treatment periods (Figure 2a Identification of the TEL-AML1 genomic fusion sequences DNA was extracted from diagnostic samples as well as the neonatal blood spots using QIAmp DNA extraction kits (Qiagen, Hilden, Germany). Three primers from TEL intron 5 were used in a long-distance PCR reaction in combination with 10 primers from AML1 intron 1 (spaced approximately 15 kb apart) as described. 20 Obtaining positive products, individual reactions were performed by use of each TEL primer in combination with the AML1 primer. Purified PCR products were sequenced by cycle-sequencing (Applied Biosystems, Foster City, CA, USA).
Detection of IGH and IGK-Kde gene rearrangements
Diagnostic bone marrow and neonatal blood spots were analyzed for immunoglobulin gene rearrangements. PCR amplification of IGH and IGK-Kde gene rearrangements and heteroduplex analysis of products were performed as described. [21] [22] [23] Individual immunoglobulin gene rearrangements were amplified by specific PCR reactions (primer sequences available from the authors upon request) and all PCR products were sequenced by cycle-sequencing (Applied Biosystems, Foster City, CA, USA). Sequences were compared by BLAST search with the human germline sequences deposited in GenBank and allele-specific oligonucleotides (ASO) were designed using the Primer Express 1.0 software (Applied Biosystems). Rearrangements on the neonatal blood spots were detected after reamplification only and therefore below the detection limit of a single quantitative PCR.
Cytogenetics and FISH
G-banded karyotypes from cultured bone marrow cells were obtained by standard techniques at diagnosis. Karyotypic interpretation was performed according to ISCN 1995. FISH was used to investigate TEL-AML1 status (probes from Vysis, Downers Grove, IL, USA). For T2 a chromosome 12 paint (Vysis) was also employed.
Gene expression analysis
Microarray studies were performed with the Affymetrix HG-U133A GeneChipt using standard protocols as recommended by the manufacturer (Affymetrix, Santa Clara, CA, USA; starting material 100 ng total RNA, 'Small Sample Labeling Protocol vII', http://www.affymetrix.com). Stained chips were scanned on a Gene Array Scanner (Agilent, Palo Alto, CA, USA), and data files were processed by GeneChipt software (Microarray Suite, Affymetrix). Hierarchical clustering was done on base 10 logtransformed expression data, using the statistical software bundle R. Prior to an average-linkage hierarchical clustering of all 33 samples based on Euclidean distances, we performed unsupervised gene filtering. By requiring a variation coefficient (s.d./ mean) of at least 0.3 across samples and a minimal expression of 20 absolute units in at least 17 of the 33 samples, we obtained a set of 286 probe sets for the clustering. A detailed description of the methods and all microarray data -including the additional 31 samples of children with ALL that were published previously -are available from the ArrayExpress database (www.ebi.ac.uk/ arrayexpress; Accession Numbers E-MEXP-122 (for the reported twins) and E-MEXP-120 (for the additional 31 samples)). 19 For each twin, duplicate arrays were run. Gene expression data were validated for six randomly chosen genes by quantitative PCR and found to be in very good agreement.
Results and discussion
The leukemic DNA of both twins shared the same unique TEL-AML1 fusion sequence. Long-distance PCR with primer combinations of the TEL and AML1 genes identified an identical clonotypic product of 5100 bp in both twins (Figure 1a) . Subsequently, DNA extracted from the neonatal blood spots was analyzed. PCR studies of the TEL-AML1 breakpoint identified again the same fusion sequence (Figure 1b) . These results confirm previous findings that TEL-AML1-positive leukemia share a common cell of origin in monozygotic twins ( Figure 1c ) and that this initiating chromosomal aberration can be backtracked to before birth. 9 Specific and for both twins distinct immunoglobulin rearrangements were identified from the diagnostic bone marrow (Figure 2a) . Subsequently, we investigated whether these clonal rearrangements could be identified already at birth. Using specific primers, for T1 identifying a VH1-JH4 and a VH3-JH4 rearrangement and for T2 a Vk1-Kde rearrangement, these clonotypic sequences were indeed found in the DNA isolated from neonatal blood spots. The product of T1 was not identified in T2 and vice versa, indicating that the rearrangements are specific for each twin (Figure 2b  and c) . Therefore, despite the leukemia of the twins sharing a common cell of origin, separate preleukemic clones were already established at birth since different clonotypic markers could be identified on the neonatal blood spots. We cannot further pinpoint the exact time point when these events occurred in the precursor cells; however, our data support recent findings from a study that analyzed antigen receptor gene rearrangements of matched diagnosis/relapse samples from children with TEL-AML1-positive ALL. 24 Based on their data, the authors hypothesized that the maturity of the immunophenotype of the leukemic precursor cell that is affected breakpoint found in the twins. The normal TEL sequence is shown at the top, the sequence found in the patients is shown in the middle, and the AML1 sequence is shown at the bottom. The 22 nucleotides bridging the gap between the TEL and AML1 sequence in the patients are also part of the AML1 gene, but incorporated inversely. TEL breaking point: nt37910 (GenBank Accession U61375 and GenBank Accession U63313), AML1 breaking point: nt173249 (GenBank Accession AP001721).
by the TEL-AML1 gene fusion determines the potential for ongoing recombination. This suggests that the potential heterogeneity of IG/TCR rearrangements depends on the tight timing of the occurrence of the TEL-AML1 gene fusion in a cell before, during, or after somatic recombination. Taken this hypothesis together with our finding of distinct unrelated IGH/IGK-Kde gene rearrangements in the twins 1 and 2, this indicates that the TEL-AML1 gene fusion occurred before somatic recombination in the progenitor cell corresponding to a high potential heterogeneity of IG rearrangements. This notion is further supported by the findings of Pine et al. 25 In contrast, the detection of both an identical and a related, but distinct, IGH gene rearrangement in identical twins (as reported by Ford et al) would mirror the occurrence of the TEL-AML1 fusion gene in a more mature precursor cell corresponding to a reduced potential heterogeneity of IG rearrangements. 5 The leukemic clones were further characterized by cytogenetic studies, where both twins displayed an abnormal karyotype (Table 1) . Secondary chromosomal aberrations were identified involving chromosome 6 in T1, whereas T2 presented cytogenetic abnormalities of chromosomes 12 and 19. FISH analysis for the TEL-AML1 translocation revealed two abnormal populations in T2. In the major population, the signal from the nontranslocated TEL was reduced in size implying an aberration of the second TEL allele. A second, smaller population that was not detected during G-banded analysis, displayed loss of the normal TEL signal accompanied by gain of a normal AML1 signal. A chromosome 12 paint analysis for T2 provided further support for loss of the terminal region of 12p. Thus, cytogenetic characterization of the leukemic populations identified an aberration of the second, nonrearranged TEL allele in one twin only. Aberration or complete deletion of the second TEL allele is a frequent secondary event in patients with TEL-AML1-positive ALL. 13, 14 Hence, loss of the second TEL allele might be an important, but nonobligatory secondary event in the multistep pathogenesis of leukemia. Table 1 Cytogenetic analysis in the leukemic cells of twins 1 and 2
Twin Karyotype TEL-AML1 FISH T1 46,XY,add(6)(q14B16) [5] /46,XY [10] 12p13(TELx2),21q22(AML1x2) (TEL con AML1x1) T2 46,XY,del(12)(p13),add(19)(q13) [9] /46,XY [1] 12p13(TELx2),21q22(AML1x2) (TEL con AML1x1)/ 12p13(TELx1),21q22(AML1x3) (TEL con AML1x1)
Karyotype studies show an abnormal karyotype of the leukemia in both twins. TEL-AML1 FISH studies present different findings in regard to the second, nonrearranged alleles.
Multistep pathogenesis in childhood leukemia O Teuffel et al
Genomewide expression patterns are able to identify immunological subgroups (precursor-B ALL vs T-cell leukemia) and cytogenetic abnormalities such as TEL-AML1, E2A-PBX1, BCR-ABL, hyperdiploid with 450 chromosomes, and MLL gene rearrangements in childhood ALL with high accuracy. [26] [27] [28] [29] To confirm these findings, global gene expression of the diagnostic bone marrow from the twins were analyzed in comparison to the expression profiles of an additional 31 childhood ALL samples that included eight TEL-AML1-positive cases. 19 Using unsupervised hierarchical clustering, this analysis clearly identified all TEL-AML1-positive samples indicating a subtypetypical gene expression profile for both twins (Figure 3) . Although assigned to the other TEL-AML1-positive samples, the twins do not cluster adjacent to each other. Hence, this analysis supports the notion that further development of leukemia in both twins occurred as independent events, comparable to singletons, and likely influenced by the observed secondary genetic changes.
Despite distinct molecular evolution, both twins developed leukemia almost simultaneously approximately 5 years after birth (Figure 4) . It is conceivable that the essential -leukemia initiating -steps of pathogenesis are 'cryptic' and near-identical between the twins. It remains still unclear whether such essential events are preassigned due to the common TEL-AML1 stem cell, or if they are triggered by environmental exposures. No evidence could be established that the reported twins suffered exposure to genotoxicity (ionizing radiation, solvents) or proliferative stress (infection, toxins, diet) in their history. Nevertheless, data of sociodemographic studies of childhood leukemia provide a hint that some kind of abnormal or delayed response to common infections may promote the initiating event. 10, 30 In summary, our results suggest that the multistep leukemogenesis in the reported twins was not only initiated in utero by the occurrence of a chromosomal translocation, but also proceeded very early during development as distinct clonalities. We hypothesize that the underlying reason for this might be a rather immature immunophenotype of the common leukemic precursor cell that was affected by the TEL-AML1 gene fusion. Further, we demonstrate that secondary genetic changes can occur independently from a common TEL-AML1 stem cell. Whether some of these might already be present at birth cannot, at the moment, be determined. In addition, gene expression analysis provides strong evidence that twins and singletons share TEL-AML1-associated features indicating that our observations about the multistep leukemogenesis in twins might also be applicable to singletons. Nevertheless, further investigations aimed at the identification of essential 'cryptic' events in the multistep pathogenesis of TEL-AML1-positive leukemia are warranted.
